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e Nuclear modification factor Ry and elliptic flow
vy described by spatial diffusion coefficient Dy

e Varying results for temperature dependence across theoretical models

e Transport coefficients are input for quarkonium production models to describe

heavy-ion collision physics and quark gluon plasma

Figure: S. Bass (left) X. Dong CIPANP (2018) (right)

| Lattice QCD

ko Dingetal.
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y Quark diffusion: Langevin perspective

e Heavy quark energy changes only little when colliding with medium

Ex~T, p~vVMT>T

e HQ momentum is changed by random kicks from the medium

— Brownian motion; Langevin dynamics can be used

dp; K .
ditl - 2MT pl + gl(t) ? <€(t)£(t/)> - K/(s(t - t/) ??((A(TA]I‘;\I((\‘ T:||}<Il17§;f1{11§)})] (\) van Hees 05
Associated Fokker-Planck equation
an(p, t) 0 0?
— 0, = — 5 P fo(p,t)] + =——=Ixij(p)fq(p, t
En o, [pinp (p)fq(p, t)] e [535 () (p, t)]

e Single coefficient x gives access to multiple interesting quantities:

Dg = 2T2/k np = k/(2MT) TQ =g
Spatial diffusion Drag coefficient Relaxation time
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HQET picture

e Expand the force in 1/M

. [D}, D? B
Fl=gf —gEl—i—[ D7 ¥ Chgo ]+ o @ °
2M
e Note also Lorentz force ° °
F(t) = b= a(B+v x B) (1 . .
e Switch to Fuclidean space correlation function: T
1 <~ (Re Tt [U(B, 7)gEi(r, 0)U(r, 0)gE: (0, 0)]) e o o o
Gu(r)=—32 :
34 (Re Tr [U(B,0)]) 1
=l ° ° 0 ol T
23: (Re Tr [U(1/T, 7)B;(r,0)U(r, 0)B;(0,0)]) A
— 3(ReTrU(1/T,0)) ¢ ¢
. 2T ® dw , cosh (£[rT — 3]) ° o
wnn = Jim o) Gep(r)= [ o) L
° °
Moore and Teaney PRC71 (2005), Caron-Huot and Moore JHEPO02 (2008)

A. Bouttefeux and M. Laine JHEP 12 (2020) 150, M. Laine JHEP 06 (2021) 139 3/17



Heavy Quarkonium Diffusion

e Quarkonium in medium can be described by Limbland equation by using pNRQCD
and open quantum systems
e Three possible interactions and adjoint quark erambilla et.al TUM-EFT 19124

dabc fabc

singlet-octet octet-singlet octet-octet adjoint quark

e Each process described by two parameters kyyx and ~yxx

® Ky is related to the thermal width and describes heavy quarkonium diffusion

® 7o is related to the mass shift v = —ﬁ OOO %@

Brambilla et.al. PRD96 (2017), Brambilla et.al. PRD97 (2018), Brambilla et.al. PRD100 (2019),

Eller et.al. PRD99 (2019), Scheihing-Hitschfeld & Yao PRD108 (2023), V.L. Lattice2023 4/ 17



'y Quarkonium Diffusion on the lattice

e FKuclidean correlators similar to HQ-case, but with adjoint Wilson line

® Ky and Ko given lgy ,

Gr(r) = f% S (Re'Tr [gEi(r, 0)®(r, 0)gE4 (0, 0)]) = 72 S (T [Ex(r)U(r, 0)E; (0)U(0, 7)),

i=1 i=1

e Separating kg, and kes on lattice still work in progress
® Koo similar to HQ-diffusion

(P20 (NT, t)dancEHC (1) P4, (¢, 0)dzxg EV8(0))

1

G%% = 3(lg)
b i=1

3

! [Ei( T)P(T)T]Tl" [Ei(0)P(0)]+Tr [E;(7)U(7, 1/T)E;(0)U(0, 7)] Tr [P(O)]—%Tr [Ei(7)U(7,0)E;(0)U(0, 7)]+h.c.

1:1

e Also related: Diffusion of an adjoint static quark
3

GRE™ = g7 (O 0V DB (0 (1 g5 (0)
3
; [B: ()P () T [4(0)P(0)] ~ T [E4 (1)U r, 1/ T)B:(0)U(0, DI T [P(0)] + .
i=1

Theory papers in preparation: Brambilla et.al.2025 (TUM-EFT 191/42, 190/24) 5/17



Gradient flow

Smears the noisy Wilson lines

Generalizes to unquenched (this talk pure gauge)

Renormalizes gauge independent observables
e Discretization of F,,, involves lattice only renormalization

o [f flow time larger than the discretization = point-like, renormalized

See talk from Julian
Avoid overlap /81 < 7/2
Careful with divergences
e BB-correlator has finite anomalous dimension = ~ In(87¢u?)

See talk from Xiangpeng

e Adjoint correlators have finite Wilson lies with divergence ~ 1/+/87¢
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fund

Strategy for GE,B

e At zero flowtime all out operators have same LO contribution (up to color factors)
GE% = f(r) = 2°T" cos?(71T) 1
g2Cr B sin'(77T)  3sin*(r7rT)

Tree-level improve by matching to lattice perturbation theory (currently at zero flowtime)

1-loop GF behavior of G]fa“‘f}d known for some discretizations

L. Altenkort et.al.2023, de la Cruz et.al.2024

Model the spectral function by connecting known IR and UV behavior with ansatz:

2 3 2 2 2
IR Kw uv g“Crw g 11, 149 27
: = = 5 = 1 N.| — In &= -/ =T
pE.B(W) oT PE (W) o { + ()2 [ c( 3 n 102 + 9 3

g”(p)w®
67

pB " (W, TF) = Zatow (1+g°(1)(Bo — 70) In(1? /(Aw?)) + g* ()70 In(87r1”)

Set scale such that NLO UV contribution vanishes

Banerjee et.al. JHEP08 (2022) 7/17



Adjoint correlators strate

L from Casimir Fund 20x6b6.284.
121 ¥ L5Gupta07

Adj 20x6b6.284
¥ Our temperatures Fund 20x8b6.284
207, Adj 20x806.284

o

> e

Smpla, ) [GeV]

10 15 2.0 25 3.0 35 4.0 45 5.0 oy 0.5 10 15 20 25 3.0

TiTe
e For symmetric correlators: same procedure as fundamental
e Non-symmetric correlator: no normalization w.r.t Polyakov loop

= Wilson line has divergence exp(dmr) with dm o 1//87p
e Use renormalized Polyakov loops from cupta et.al PRD77 2008 T
L% T
Lg = O(sm(TF)/TLg(TF) 5 GE(T, TF) = Cdm(TF)TGE(T, TF) - < 8 )> GE(Ta TF)

Ls(mr /
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Continuum limit

Gg, V8T1¢/1=0.231/0.299, T=1.5T,

fixed)/G"o™m

Ge(V8TF/T
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Gg

e Good limits for valid ranges of 7T and 7 for both symmetric and asymmetric

correlators

e Spatial volume scaling negligible
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Flow time dependence of Gg
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e Good linear flow time limits within valid range for both correlators
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Flow time dependence of Gy

Gg, T=1.5T,
J KKKKXK 2.8
36 JRRRHRIX clsisiobebispsinaneeD
& —
.4 4 =
‘ 3 — G 26 Vs T
G 3 0.500
% 3.2 1 X TT=0.500 @ w ¢ 0.440
s e TT=0.441 ”a ¥ 0,365
3.0 % 1T=0.382 ] '...‘ .
¥ T17=0.324 ¢ 0320
- g X 1T=0265 4 0265
' T S T T T T 2.2 T : T T T
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0005 0.0010 0.0015 0.0020 0.0025
TF TF
anomalous dimension anomalous dimension divided out

e Gg and Gg scale differently w.r.r flow time

e Removing the anomalous dimension removes most flow time dependence

G UV (7 1) = (1 4 708 IN(V/B7F))* Zaow GV (7, 1) + ho - (75 /7)
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Flow time s and order of limits
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e Very little dependence on flow time

e Ordering of Continuum limit, zero flow time limit, and spectral function

doesn’t seem to matter much
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kg results

Brambilla 22

Banerjee 22b

Banerjee 22a

Altenkort 21

Brambilla 20

Francis 15

Banerjee 12

NLO ¢ Brambilla 2020
304 [0) Banerjee 2012 41 Banerjee 2022a
Francis 2015 Banerjee 2022b
I Brambilla 2019 >  Brambilla 2022
Fm 20 A Altenkort 2021 -
Ql_\_ E —_—
N S
104 +
i 4
01 : : ; ; ‘ : :
1.0 15 2.0 2.5 3.0 &5 4 © oer
T/T.

e Results of different groups agree very well
e Error dominated by the systematics from the p(w) inversion

e Matches well with NLO perturbation theory
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kg Results

Altenkort 24 T=1.5

Brambilla 22 T=1.5

Banerjee 22a T=1.2

Banerjee 22a T=1.5

= = = = = Banerjee 22a T=2.0
0.5 1.0 15 2.0 215

Ks

Good agreement between existing results, close to kg

Minor temperature dependence in the current measured range

Ktot =~ KE + §<V2>I€B

Using <V2> from (Petreczky et.al. Eur. Phys. J. C62 (2009))

<V3harm> ~ (.51 and <V%Ottom> ~ (.3, we get that the mass suppressed effects on the

heavy quark diffusion coefficient is 34% and 20% for the charm and bottom quarks

respectively. 14/17



Koo and adjoint heavy quarks

_____ — G, 3 — G¥'%is1
G?m‘m* T. GLEE‘IO“ T,
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e Left: adjoint quark, Right: quarkonium
e For symmetric correlators we observe expected (Casimir) scaling nonperturbatively
e These results translate from Gg to s trivially
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Kso ald Kog

51 G ST T—10*T,
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e Asymmetric correlator on lattice relates to both kg, and keg
e Spectral reconstruction still pending

e At high temperatures, excellent agreement with the perturbation theory

NLO result: N. Brambilla, P. Panayiotou, S. Sippi, A. Vairo: in preparation TUM-EFT 190/24 16 /17



Conclusions and Future prospects

Gradient flow helps with extraction of heavy quark diffusion

e We can measure the correlators required for quarkonium diffusion

Symmetric correlators, and hence k, match within errors up to color factors

Spectral functions for quarkonium still require more work
e Work for zero temperature correlators in progress

Magnetic version of quarkonium correlators also in progress
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Conclusions and Future prospects

Gradient flow helps with extraction of heavy quark diffusion
e We can measure the correlators required for quarkonium diffusion

Symmetric correlators, and hence k, match within errors up to color factors

Spectral functions for quarkonium still require more work

e Work for zero temperature correlators in progress

Magnetic version of quarkonium correlators also in progress

Thank you for your attention!
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Raw (normalized*, tree-level improved) lattice data
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e Normalize and improve the data with LO perturbation theory
e Thermal effects dominant in forming the shape

_ G(Ny,B) /Gu(2N,,B)
RQ(Nt) - Ggorm(Nt)/GrI}:onm(QNt) .
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kg temperature dependence

e Can fit temperature dependence

5] -- ] Brambilla 2020
Banerjee 2022b
I *CpN 2T
NLO k=8 "Fc| —+§+Cm—E 3 Brambilla 2020
7 3 187 mg
? 27TD, + T 1 B )22k
s — = = Banerjee 2022b
24 u S 64 Y Tc )
1,
07 T T T T T
10° 10! 102 10° 10*

T/T.
e Good agreement between the different approaches
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dependence on dynamical fermions

T 15.0
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e Most studies have been in pure ]
gauge ﬁ ﬂf
e Recent results from HOTQCD " %%’ - ]
e Main difference to pure gauge is Fio
ken/T o g'
dlﬁ‘erent TC -t = wp/T" xg” |
l g*(u = 27T)

HOTQCD: Phys.Rev.Lett. 130 (2023), Phys.Rev.Lett. 132 (2024), Phys.Rev.D 109 (2024) 0.0 1.00 2.00 4.00 21 / 17



e Only existing determination uses mass shifts for

rough estimate
e More recent similar analysis gets v ~ 0 (see Tom’s talk)

e Euclidean correlators for Quarkonium will allow

measurement of
e Need to subtract zero temperature contribution
e Promising results on zero temperature measurements
e Combination of zero and finite T still in progress

e stay tuned

Figure: Brambilla et.al.Phys.Rev.D 100 (2019)

J/U, T =251 MeV
T(15),T = 407 MeV

T(15),T = 251 MeV/
ny = 3,T = 407 MeV

ny = 3,1 = 251 MeV




